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Ionic Conductivity in Branched Polyethylenimine-Soaium

Trifluoromethanesulfonate Complexes. Comparisons to

Analogous Complexes Made with Linear Polyethylenimine.

*
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Department of Chemistry and Materials Research Center
Northwestern University
Evanston, IL 60201
aBsTRACT Sodiun T Elure, Macrhay :,u\ml
j\l‘é‘omplexes between branched polyethylenimine gndkﬁaé03CF3 were formed with
a polymer repeat unit to salt ratio of 6:1, 12:1 and 20:1. All three
complexes are amorphous in contrast to linear polyethylenimine which forms
partially crystalline complexes at ratios above 6:1 (lower salt
concentrations). The 6:1 complex of branched polyethylenimine has a higher
\\‘;)\ Ta-=:%rar 4, Yon worn~u
\Ig(IZ»‘C) and a lower conductivity (46°8 S/cm at 40 °C) than the corresponding
complex of linear polyethylenimine <t-8 °C -and 10=-7 S/cm})- The glass
transition temperature of the polymer-salt complex decreases by 43 degrees

upon decreasing the salt concentration from that of the 6:1 complex to that of

the 20:1 complex. Correspondingly, the conductivity of the 20:1 complex at 40

4¢ is two orders of magnitude higher than that of the 6:1 complex. N-H -WHL-A

stretching frequencies of linear and branched polyethylenimine and their [

~

polymer-salt complexes were studied by infrared spectroscopy. An increase in

.......

frequency of the N-H stretching mode of both polymers is seen upon complex

formation._




Introduction

Solid polymer electrolytes have attracted considerable attention due to
their potential application in high energy density batteries.l:2 These
solvent-free systems consist of a solid polymer host in which a salt, usually
an alkali metal salt, has been dissolved. Polymer-salt complexes'can either
be fully amorphous or partially crystalline depending on the polymer and salt
employed. Crystalline polymer-salt complexes have the disadvantage of
multiphase behavior which greatly complicates the study of their ion transport
behavior and decreases conductivity.3'4

Polymer characteristics which should favor polymer-salt complex formation
include a low glass transition temperature, Tg, and a high concentration of
polar groups.5 The majority of studies in the past have focused on polymers
with ether oxygens as the polar groups. AThese polymers include linear
polymers such as poly(ethylene oxide), PEO, and poly(propylene oxide), PPO,
with which the initial studies of polymer electrolytes were made.2 Other
polymer hosts with ether oxygens as the polar group include comb-like
polymerss-7 and crosslinked polymer networks. 8.9

Recently polymers with polar groups other than oxygen have been
investigated. One such study from our laboratory utilized poly(alkylene
sulfides) to form complexes with the silver salts. Silver nitrate and silver
trifluoromethanesulfonate.10 Linear polyethylenimine, LPEI. with secondary
nitrogens as the polar groups has been shown by usl!! and others!? to form
conductive polymer-salt complexes with alkali metal salts. There is also a
branched form of polyethylenimine, BPEI, which has a ratio of primary-to-

secondary-to-tertiary nitrogens of 1:2:1.13.14 BpPE] js fully amorphous and

has a Tg of 226K, 27 degrees lower than that of LPEI. 1In the present




research, we investigated complex formation between BPEI and sodium

trifluoromethanesulfonate, NaSO3CF3. We determined the conductivity of the

BPEI-NaSO3CF3 complexes and compare our results to our previous study with

LPEI.

Experimental

BPEI was obtained as a 50% solution in water, average molecular weight

50,000-60,000 (Aldrich Chemical Company). The polymer was dialyzed under a

constant N, purge against distilled deionized water which was deaerated by
¢ boiling. Cellulose membrane (Union Carbide) was used for the dialysis tubing.
After removing the water under reduced pressure, the polymer was further dried
under high vacuum (10~ torr) for 60 hrs. at 58 °C.
Q Reagent grade methanol (MCB) was dried by reflux over iodine-activated
J magnesium, followed by distillation under a dry nitrogen atmosphere. NaSO3CFg
was commercial reagent grade material recrystallized from methanol and dried
under vacuum at 150 °C. All dried materials were handled in a dry nitrogen or
argon atmosphere using standard Schlenk techniques or in an argon-filled
drybox. The polymer-salt complexes were prepared by dissolving

stoichiometric quantities of polymer and salt in dried MeOH. After a

-,

homogeneous solution was obtained, the methanol was removed under vacuum. The

resulting complexes were dried at 10-5 torr and 60 °C for 48 hrs.
Differential Scanning Calorimetry (DSC) measurements were performed on a
Perkin-Elmer DSC-2 instrument. Glass transition temperatures were measured at
four different heating rates and extrapolated to zero heating rate. X-ray
A diffraction measurements were obtained with a diffractometer using CuKa
radiation Infrared spectra were obtained with a Nicolet 7199 FT-IR. Sample

films were cast from MeOH directly onto irtran 2 plates (compressed
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polycrystalline ZnS). The MeOH was evaporated under N, purge and the
resulting films were dried at 10-5 torr, 70~ 85 °C for 48 hrs. A typical
polymer film was covered with a thin layer of paratfin oil and then a second
plate before removing it from the glove box and immediately collecting an IR
spectrum. The IR spectra of the tilms showed no bands due to traces of water
at the characteristic frequencies, 3400 and 1610 cm_l, when these methods for
sample preparation and handling were employed.

Variable-frequency ac impedance and phase-angle measurements were made
over the range 50 mHz to 5 MHz using a Solartron 1250 Frequency Response
Analyzer with a Solartron 1286 Electrochemical Interface and a Hewlett-Packard
4192A LF impedance analyzer. Samples were sandwiched between 12.7 mm diameter
stainless steel electrodes in an airtight cell which was thermostated in an
air bath.19 when the sample was soft a Teflon spacer was used to maintain a
constant electrode separation.16 Spring pressure on the electrodes was used
to maintain electrode-sample contact. A representative complex impedance plot
for the BPEI-NaSO3CF3 complexes is shown in Figure 1. This plot is typical
for ionic conductors with ion-blocking electrodes in which the spur at low
frequencies is attributed to double layer capacitance. 17

Results and Discussion

The advantage of BPEI over LPEl is that the former yields homogeneous
amorphous salt complexes at low salt concentrations. Complexes were made with
nitrogen-to-sodium ratios of 6:1, 12:1 and 20:1. All three complexes were
completely amorphous as indicated by the absence of an endotherm in the DSC
traces from 210K to 500K for the 6:1 and 12:1 complexes and 160K to S00K for

the 20:1 complex. The absence of peaks in the X-ray powder diffraction

patterns from 5° to 80° (20) also indicates the absence of crystallinity in
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the complexes.

The Tg values of BPEI and the 6:1, 12:1 and 20:1 complexes are listed in
Table I. For comparison, the glass transition temperatures of LPEI and the
amorphous 6:1 LPEI-NaSO3CF3 complex are also included. The Tg of both the
linear and branched PEI increases when complexes are formed and the Tg values
increase with an increase in salt concentration. This increase in Tg can be
attributed to an inhibition ot polymer segment motion brought about by
polymer-salt interactions.8

In a branched polymer the increased number of chain ends leads to an
increased free volume and a lower Tg.18 The fact that the Tg of BPEI is 24
degrees lower than the Tg of LPEI can be attributed to this branching affect.
Binding studies with BPEI and transition metal salts have shown that it is
mainly the primary nitrogens at chain ends which coordinate the metal ions.19
If we assume that this same behavior occurs with alkali metal ions, then chain
end fluctuations should be restricted upon formation of a polymer-salt
complex, causing a large increase in Tg. A comparison of the two polymers
shows that, as expected, there is a much greater increase of Tg when BPEI
forms a 6:1 complex (+59 degrees) than when LPEI forms a 6:1 complex (+18
degrees) .

Variable temperature conductivity measurements were carried out from 20

°C to 95 °C. The measurements were repeated after allowing the samples to

cool to room temperature overnight. No hysteresis was observed in the

conductivity behavior. |
The resulting conductivity values for BPEI, LPEI and the polymer-salt

complexes at 40 'C and 90 "C are listed in Table I. The conductivity data are

plotted in Figure 2. As can be seen in Table I, the polymer-salt complexes

E R R N R S Y S LN A
et e A S



L)

()

;s with a low salt concentration and a corresponding low Tg are the best

L]

)

W,

B conductors. Similar relationships have been reported for other polymer-salt
$t complexes."'8 and are in agreement with models relating polymer segmental

[}

A

motions to high ionic mobility.s.zo.21 A comparison of the 6:1 complexes of

the linear and branched PEI serves to further demonstrate the relationship

g: between Tg and conductivity. The conductivity of the 6:1 LPEI-NaSO3CF 43
-
2: complex is closer in magnitude to that of the 12:1 BPEI-NaSO3CF3 complex than
N
)
N it is to the 6:1 BPEI-NaSO3(CF3 complex. Similarly, the Tg values of the 6:1
}ﬁ; LPEI-NaSO3CF3 and 12:1 BPEI-NaSO3CF3 complexes are closer in magnitude
%
$§ differing by only 7 degrees, while those of the two 6:1 complexes differ by 17
4
[X)
A“
X degrees. It appears that for the concentration range we have studied, the Tg
:\: values of the polymer-salt complexes have a stronger influence than the salt
X,
My
(:5 concentration on ionic conductivity.
?‘
Bs The non-Arrhenius behavior of the temperature dependent conductivity of
0 the polymer-salt complexes can be seen in the plots of lnoc vs 1/T in Figure 2.
1
[\
._: Non-Arrhenius behavior was first observed for PEO- and PPO-salt complexes,
1oy
[}
\ explained in terms of a free volume model, and described by the Vogel-Tamman-
3t
is Fulcher (VTF) equation.2 eq. 1, where T, is the thermodynamic glass
)
"
ﬁ: transition temperature and B is an "apparent” activation energy.
()
o - -1/2 B/ (T-
B\ o = At exp [-B/(T-Ty)] (1)
jf Non-Arrhenius conductivity behavior has also been observed for other polymer-
My
0
‘sl salt complexes and described by the VTF equation or the related William-
o)
4
P Landau-Ferry (WLF) equation with varying degrees of success.3,8.22 23
o )
% The constant T, in eq. 1 is related to Tg by the expression T, = Tg - 50.
o
‘}- This expression for T, is derived empirically and comes from the relationship
b,
' between the VTF and WLF equations.24.25 When the conductivity data for the
'S
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BPEI complexes are fit to the VTF equation it is found that the resulting To
values are more than 50 degrees below the experimentally determined Tg. As
can be seen in Table II, the T, values decrease with salt concentration in the
same direction as Tg but the value of |Tg - Tgl does not remain constant. The
parameters obtained from fitting the conductivity data to eq. 1 are listed in
Table I1.

The infrared spectra of BPEI and LPEI are shown in Figure 3. The
broadness of the bands in the BPEI spectrum is characteristic of the random
interactions which occur in amorphous polymers.26 The primary amino groups in
BPEI give rise to symmetric and asymmetric N-H stretching bands at 3277 cm 1
and 3352 cm~! respectively, the shoulder at 3190 cm~! is an overtone of the
NHy deformation at 1594 cm~1.27 The N-H stretch of the secondary amines
coincides with the vg(NH) at 3277 cm 1. The secondary amino groups in LPEI
give rise to an N-H stretch at 3220 cm™1. It is unusual for N-H bending modes
of secondary amines to give rise to bands above ~1400 cm™1.28  The band at
1643 cm~! in the LPEI spectrum is more probably due to the C=0 stretching mode
of the 2% residual acyl groups detected by Iy NMR. This band corresponds to
the strong v(CO) band at 1653 cm~1 of the LPEI precursor, polyethyloxazoline.

In dilute solution v,q(NH) and vg(NH) of primary amines occur around 3500
cm™! and 3400 cm1, respectively. The N-H stretch of secondary amines occurs
in the 3350-3310 cm~1 region. Hydrogen bonding causes these bands to shift to
lower frequencies.29 For both LPEI and BPEI we see that the NH stretches are
well below those of (free) amines. X-ray structure analysis of LPEI indicates
that the polymer forms double stranded helices which allow every NH group to
participate in hydrogen bonding.30 The low trequency of the NH stretch in

LPEI provides further evidence for this hydrogen bonding. The low frequencies




@3 of the NH stretching bands of BPEI indicate that hydrogen bonding also occurs

ot

S in this polymer though perhaps not as strongly.

iﬁ%_ The NH stretching bands of both polymers shift to higher frequencies.

Sgﬁ' when the polymer-salt complexes are formed, Table IV and Figure 4. Upon

it

. forming a 6:1 complex the NH band of LPEI splits and shifts to 3301 and 3316

ggi cm~1: The asymmetric and symmetric NH, stretching bands of BPEI shift to 3374

ggv and 3309 cm~l. In the polymer-salt complexes the lone pairs on the nitrogen

ot atoms are involved in solvation of the sodium ions and are no longer available

a§;$ for hydrogen bonding, causing a shift to higher frequency and sharpening of

zkaf the NH stretching bands, Figure 4, as expected.28 The transition from a

Cn

;};. crystalline to an amorphous state, as occurs when LPEI forms a complex, can

:ﬁ:& also influence the NH stretching frequency. The lower density of the

2N,

*&Eﬁ amorphous state gives rise to longer interchain distances resulting in weaker
: hydrogen bonds which would cause an increase in frequency of the NH stretch of

?ﬁ:g the polymer-salt complexes. Such an effect has been observed for nylons in

ii?g which the NH stretching frequency of the amorphous nylon is 10 cm~1 higher

tju than that of the analogous crystalline nylon.3!
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Hydrogen bonding to CF3S05~ also may occur in the polymer-salt complexes.

3':2 It is known that perchlorate ions form hydrogen bonds in liquid ammonia though
'Jﬁﬁ these bonds are weaker than the self-association interactions of ammonia,

{ge causing shifts of v(NH) to higher frequencies.32 This same behavior may occur
e\

%2?;3 for CF3S803” in the polymer-salt complexes as indicated by similar trends for
:u;- hydrogen bonding to alcohols33 and similar basicities for CF3S053° and CIO4‘-34
5 :

ﬁnzé Inductive effects may also influence the NH stretching frequencies of the

v ‘

%%%f‘ polymer-salt complexes by removing electron density trom the N-H bonds upon

coordination of the sodium ions.33 Shifts of v(NH) to lower frequencies by as

{\ucbﬁpxkk Ikﬁﬁﬁi
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much as 75 cm~! has been seen for dialkylamines upon coordination of cupric
halides. In the case of cupric halides, intramolecular hydrogen bonding and
Cu-X 1 bonding may also contribute to the shiftt of v(NH) .36 For the polymer-
salt complexes smaller inductive effects would be expected based on the
smaller charge of the sodium ion and the greater ionic character of the
nitrogen-sodium interactions.

Other changes in the spectrum of BPEI which occur upon complex formation
include shifts of the bands at 1128 and 1051 cm~! to 1107 and 1079 cm~ 1.
These bands have been assigned to the asymmetric C-N stretch of primary and
secondary amino groups respectively.27 The tentative nature of these
assignments, though, does not allow a detailed analysis of the specific
polymer-salt interactions which could cause these band shifts. Thus the
formation of polymer-salt complexes causes band shifts in the infrared
spectrum of BPEI which may be useful in studies of the nature of BPEIl-salt
interactions.

In conclusion, both branched and linear PEI form conductive polymer-salt
complexes. The 6:1 complexes of both polymers are amorphous but the glass
transition temperature of the 6:1 LPEI complex is lower and the conductivity
is higher than that of the BPEI complex. As the concentration of salt is
reduced in branched-PEI the Tg values decrease and ionic conductivity
increases. Around a 20:1 ratio of polymer repeat units to salt branched-PEI

is a better conductor than linear-PEI because the former is amorphous whereas

the latter contains a crystalline phase.
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Table I

Glass transitiog temperatures and conductivity values

for BPEI, LPEI, and their complexes with NaS03CFj.

Branched PEI Tg, °C (40 _°C), S/cm o(90 _°C), S/cm
Ry BPEI -47 1x10-8 1x10-7
-_;,;.: 20:1 -31 2x10-6 7x10-5
12:1 -12 5x10-7 5x10-5

T 6:1 12 3x10-8 2x10-5
¥ '

i Linear PEI!]
o LPEI -23 <9x10-9  -—--=

6:1 -5 2x10-7 4x10-5
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Table I1

VIF parameters for the BPEI - and LPEI - NaSO3CF3 complexes.?

Branched PEI Tg, °C To, °C Ba, eV A.Secm~1ek1/2  To-Tgy, °f
20:1 -31 -123 0.216 189 92
12:1 -12 -87 0.179 117 75
6:1 12 -66 0.132 226 78

Linear PEI1!

6:1 -5 -80 0.188 306 BJ

2 petermined from a least-squares fit of conductivity data to the Vogel-

Tamman-Fulcher equation.
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Table III

N-H stretching frequencies of BPEI, LPE[l, and their

complexes with NaSO3CFj3.a

¢ i ‘.
¥, Ty
! Branched BEI, Vas(NH), cm-1 vs(NH), cm-!
Y e,
# A '
9 « v .

uncomplexed 3352 Cow . 3277
K] iy ,
) 20:1 3362 3300
t
; 12:1 3371 3300
6:1 3374 3309
. Linear PEI
' uncomplexed 000l ——--- 3219
i 6:1 - 3317, 3302
¥
M
K
! a8 Recorded as films on IRTRAN 2 Material plates with paraftfin oil.
i
)
&
\‘
'
‘O
b
.
b
¢
t
’l
[
!,
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Figure Captions

Figure 1. Typical complex impedance plot for BPEI-NaS03CFg3
complexes with stainless steel electrodes, 6:1
complex at 60 °C. Inset shows equivalent
circuit: C,, geometric capacitance; Ry. bulk

x resistance: C4). double layer capacitance.

Figure 2. Plot of the temperature-dependent conductivity in Arrhenius
coordinates, log o vs 1000/T, for three BPEI-NaS03CFj
complexes, nitrogen-to-sodium ratios (0) 6:1: (V) 12:1; (e)

. 20:1; and (A) 6:1 (LPEI)!l; (A) BPEI.

Figure 3. Infrared spectra of (a) linear polvethylenimine and (b)

branched polyethylenimine recorded as films on irtran 2

¢
: material plates with paraffin oil. Asterisk indicates paraffin
¢
oil bands.
3,
o
j Figure 4. Comparison of N-H stretches in the 3500-3100 cm~1 infrared

-

region for branched PEI and BPEI-NaSO3CF5 complexes. (a) BPEI;

Polymer repeat unit to salt formula unit ratio: (b) 20:1; (c)

T iy a

12:1; (d) 6:1. Arrows are placed at 3300 cm~! as a guide for

comparing band shifts.

t"' 17

2.7 4 PRI TR PEy Y N 0 DO O AW AP MO MO M ML AN A P00 MO MO
4 v ai“yg !‘;74‘,"35-’5»' : )25“'}"!319!)!?-.\1') g"‘r'l,q!‘.." ‘ u‘.'l‘_w'\ ) q’lt.'a‘\.'a‘.'x,. "J’A‘.‘!‘."‘ KN ‘}'.-l"".z:"‘.@“ .i’,,', ,"ll“e_



; - T )
o

. X (Ohms)

! g 4.0E+004 8.0E+004

¥ . !

: X | I
? z
5

, X

: X

: A . X

: 5_ X

: ¢ X

[} _ *

\ | O * l
] Jo

| = m X

. o X F= S
‘ X

coo+32° ¥
M

%HOOQ I
v
zus*

(P,

| ]

1

" ‘ iy ?, N DOSRENE LA L
u L Mo ARl ML A M OOl UL U .‘-‘-" ALK DA L



T —
O T T Y I Y ko —

LOGo (S/cm)

¥ _9 I A 1 -

o 28 3.0 3.2 3.4

RN 1000/ T(K)

: ‘ Faig Ny e ag ) I g AR NN ORISONAREA GOEECOCOSHGDEE
T AT T S 8y Dl bk deda e HEIWAAA S, e e O



- bdhadh i hadiindedit il i s i den it Bl e i i -

GOQ »

085F

09}e

0h)2

HIAWNNIALM
02€2

006 !

i

08%!

690!

L

049




Wy
g‘l
o
A/

[)
A
g .I
1 ~.b.
L4 X \
M 4
( L]
M
Lt
N
:‘u'
e
't
Yt
N0

OO
.33
{ H M H

OCW) (3 () ';‘|
(] * 4‘(;“1“
W ) ' 'l,»_.
l'.
‘s 4
() (3 | ALK
’..l. R
) Q“L
. A
] 1) Yy
"a.
: LY
4 ) l {)
- X l‘.ltl‘
MRS
(18
:“'.
.5‘:Q
5‘,‘
) "‘i!'l
Y W]
“0‘
.".‘Aawxl‘
"1l'
W
\Q
EIO )
L.‘
"vlv‘
NS



A - s £ . ¢
T, A RS A RGP

‘f;.hl':ll}y: A 0N
N Lot ia‘.’ah‘bh“ IR RY Ak.l' L ‘n“" 0':“'3‘!‘- . ‘!‘5'1‘?"‘45




